Intranasal inoculation of type 5 adenovirus into the cotton rat Sigmodon hispidus produces a pneumonia pathologically similar to that in humans, and it, therefore, provides an excellent animal model to investigate the pathogenesis of this disease. The goal of this study was to test the hypothesis that accumulation of viral structural proteins is responsible for a major portion of the cell-damage-producing disease. Since viral DNA replication is essential for synthesis of the viral structural proteins, which are products of late genes, the hypothesis was tested using mutants defective in genes required for DNA synthesis. Most experiments were done with the conditionally lethal temperature-sensitive (ts) mutant H5ts125, which contains a mutation in the early region 2A When cotton rats were infected with 1 x 1080-plaque-forming units of wild-type adenovirus type 5 or HMts125, the pneumonias that followed were pathologically similar; in the latter phases, however, wild-type virus produced slightly more extensive pneumonia than did HSts125, probably because its replication permitted infection of more susceptible cells.
The discovery of adenoviruses (1, 2), an important human pathogen whose 42 viral types produce a variety of diseases, led to extensive studies into the virion structure, the viral structural proteins, the nature of the viral genome, and the biochemical and molecular events in the sequential biosynthesis of the viral gene products (3) . During type 5 adenovirus (Ad5) replication, host cell DNA synthesis is completely blocked about 12 hr after infection with AdS (4, 5) , and host RNA and protein syntheses are blocked about 18-20 hr after infection (5) (6) (7) . In addition, only about 10% of the viral DNA and structural proteins synthesized are actually packaged into mature virions whereas the remainder accumulate in the nuclei ofinfected cells forming inclusion bodies (8) (9) (10) (11) . These findings led to the hypothesis that the combination of shut-off of biosynthesis of host macromolecules and the intranuclear accumulation of large amounts of viral DNA and structural proteins leads to cell death and production of disease (5) . Indeed, the purified fiber protein inhibited viral multiplication when added to adenovirus-infected KB cells, and it was shown to inhibit incorporation of [3H] thymidine into cellular DNA in cell extracts in vitro (12, 13) .
The objective of the study to be described was to test the hypothesis that production of an excess of late viral proteins is responsible for the molecular events essential for the pathogenesis of adenovirus disease. Thus, if synthesis of the late structural proteins were blocked, disease should not develop. This possibility was readily tested since mutants unable to synthesize viral DNA cannot produce late structural proteins, and such mutants had been isolated (14) . H5ts125 (14) and H5ts149 (15) are conditionally lethal temperature-sensitive (ts) mutants that cannot replicate their DNA at their nonpermissive temperature of 39.50C, which fortunately is close to the body temperature of the experimental animal to be employed, the cotton rat (16, 17) .
MATERIALS AND METHODS
Cell Cultures. As described (14, 17) , monolayer cultures of KB and A549 cells were propagated in Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) calf serum.
Viruses and Assay Methods.Wild-type (wt) Ad5 and two ts mutants, H5ts125 and H5ts149 (14, 15) , were used in these studies. Stocks of wt virus were replicated in KB cells at 370C; H5ts125 and H5ts149 were propagated at 320C, the permissive temperature. Viral infectivities of infected cotton rat homogenates were determined in KB cells with an indirect immunofluorescence assay at 320C using polyclonal rabbit antiserum prepared with intact purified virus (18) . Stock viruses were quantitated using plaque assays (19) in A549 cells.
Animal Studies. An inbred strain of cotton rats, Sigmodon hispidus, 3-6 weeks of age were employed as described (16, 17) . The animals were obtained from Veterinary Resources Branch, Division ofResearch Services, National Institutes of Health. In each experiment animals of the same age were used. Animals were infected intranasally with 0. To substantiate the similarity of the pathological responses to both viruses, all lungs were scored using a semiquantitative method (17) in which the extent of the pathological lesions was scored "blindly". The results of a representative experiment are summarized in Fig. 3 . These data confirm the qualitative findings (Fig. 2) that since H5ts125 cannot produce infectious virus in the cotton rat lung, because of its inability to replicate its DNA at its nonpermissive temperature in the lung, only the viral early gene functions could be responsible for the pathogenic process.
Infection of cotton rats with 10 times less H5ts125 (i. (23, 24) , and the failure of H5dl110 to produce as severe a pneumonia as Ad5 wt virus suggested that the shut-offofhost cell protein synthesis is a critical process in the induction of adenovirus pneumonia. progress, parallel experiments showed that early region 3 (E3), which is not required for viral replication (25, 26) , plays Medical Sciences: Ginsberg et al.
While these preliminary experiments to determine the role of EIB genes in the mechanism of pathogenesis were in a profound role in actively suppressing the pathogenesis of pneumonia (17) . Studies were done with a series of E3 mutants that contain either deletions of almost the entire region or mutations in each of the open reading frames (27) within E3 [e.g., H2dl1801 has a deletion of nucleotides 747-2684 (28) and H5/2dl754 is deleted from nucleotide 1200 to nucleotide 1254 (29) , which deletes only the sequence that encodes a 19-kDa glycoprotein]. Infection of cotton rats with either H2dl1801 or H5/2dl754 produces a pneumonia markedly more extensive than that produced by their parental virus, whereas viruses containing mutations affecting the genes encoding the other E3 gene products do not produce disease different from wt virus (17) . The finding that the 19-kDa glycoprotein reduces transport of the class I major histocompatibility complex antigens to the surfaces of infected cells (17, (30) (31) (32) and that the mutants employed (H2dl1801, H5/2dl754, and others) permitted the class I antigens to be transported to the infected cell surfaces and expressed to the same extent as on uninfected cells, suggested that a cytotoxic T-cell response to infected cells probably plays an important role in the pathogenesis of the pneumonia (17) . This conclusion suggested the possibility that the E1B 58-kDa protein may be one of the antigens expressed on the surface of infected cells to serve as a signal for the specific cytotoxic T cells to recognize the infected cells as being foreign. If this possibility is correct, the absence ofthe 58-kDa protein in H5dl110-infected cells would account for the reduced pneumonia produced by this EJB mutant.
The so-called E3B region also appears to contain a gene encoding another suppressive gene product. Thus, H5sub-304, which contains an insertion of a small piece of foreign DNA and a deletion from 83.2 to 85.1 map units (28), does not produce a pneumonia that is more extensive than that of Ad5 wt, but the pulmonary infiltration contains many small foci of polymorphonuclear leukocytes (PMNs), which is not seen in wt virus-infected lungs (ref. 17 and unpublished results). These foci of PMNs do not have the characteristics of a bacterial infection but appear similar to those produced by the cachectin/tumor necrosis factor (TNF) (33) . Moreover, the region of the E3B genome deleted in H5sub304 contains a gene encoding a 14.7-kDa protein, which has been shown in vitro to protect adenovirus-infected cells from lysis by TNF (34) . Although the pneumonia produced by H5sub3O4 contains numerous foci of PMNs, which are not seen in AdS wt-infected lungs, wt virus-induced pneumonia does contain PMNs scattered within the alveolar infiltration (unpublished data), suggesting that TNF and possibly other cytokines may play an important role in the pathogenesis of adenovirus pneumonia, at least in this animal model.
The gene functions encoded in early region 1A (EIA) and early region 4 (E4) should also be investigated. Infections with viruses containing mutations located in the unique region of the ElA 13S mRNA, which encodes a 46-amino acid peptide, do not induce any pathology (unpublished data). These results are difficult to interpret, however, since this region of the 289-amino acid ElA protein enhances transcription from all of the other early genes. Therefore, it is impossible to determine whether the affected EJA-encoded gene product is required for pathogenesis or fails to produce pneumonia because one or more other early gene products are not efficiently produced. Mutants containing defects affecting only the E4 gene products have not yet been studied.
The results reported above lead to the conclusion that only early gene functions are responsible for the molecular reactions that induce the pathogenesis of adenovirus pneumonia in this cotton rat model. The results of studies using E3 mutants suggested the hypotheses that the early gene products responsible for this pathogenic process induce two reactions: (i) Infected cells induce a virus-specific cytotoxic T-cell response, and one or more early gene products are expressed on the infected cell surfaces to permit them to be recognized by the specific cytotoxic T lymphocytes (the E1B 58-kDa protein may be one such early viral protein). (ii) The early gene products produced in infected bronchial and bronchiolar epithelial cells (and perhaps others, such as macrophages) send out signals that result in the elaboration and release of cytokines, such as TNF, interleukin 1, and interleukin 6.
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